Abstract: Drag reduction technologies mainly include the mechanical method and the chemical method. Mechanical drag reduction technologies are widespread in the drilling field due to their environmental friendliness and ease of use. Vibration technologies are among some of the most-used mechanical drag reduction technologies. However, various types of vibration tools have the negative effect of obstructing the promotion and application of mechanical drag reduction technologies. This paper widely investigated the types and applications of vibration tools. A drilling agitator system and slider drilling technology were included. The structure and mechanism of the vibration tool were studied. A multiscale friction model was proposed based on the Dahl model according to the drilling environment. The model was verified using experimental data. The multiscale friction model was used to analyze the drag reduction mechanism and the effect of different kinds of vibration technologies. Simulations demonstrated that vibration technologies can effectively reduce the axial friction of the drill string. Longitudinal vibration can reduce the axial friction such that the dependence of the reduced coefficient of friction on the reduced velocity does not change significantly after the reduced oscillation amplitude exceeds the critical value of one. Axial friction decreased with the increasing amplitude of the radial vibration. However, the reduction effect has no relationship with the rate of penetration (ROP). Torsional vibration and rocking motion can reduce the axial friction force. When the oscillation amplitude increases, the axial friction decreases. The reduction effect of slider drilling technology is better than torsional vibration and two other technologies in terms of friction reduction.
Introduction
With the trend of unconventional drilling of oil and gas wells, ultra-extend reach wells (u-ERW), and 3D complex geometry wells [1, 2] , engineers can no longer ignore drilling limitations and weight transfer problems caused by excessive torque and drag [3] . Extreme torque and drag can be detrimental to drilling operations and equipment [4] . Drilling engineers have developed numerous methods to overcome the challenge of these limitations in order to drill further over the years [5] . These methods have included chemical methods and mechanical methods [6] . The chemical methods have been focused on the reduction of the friction factor between drill strings and wellbores [7] . The properties of the mud cake were modified or lubricants were added into the drilling fluid [8] . However, the additives of the lubricants were subject to environmental restrictions and were not cost effective [9] . However, the mechanical methods of reducing the torque and drag were environmentally friendly without the Lubricants 2018, 6, 53 2 of 24 disadvantages of chemical methods. In the mechanical methods of drag reduction, the most widely used mechanical methods have been vibration technologies.
Some articles have described mechanical torque and drag reduction methods in a certain drilling field [10, 11] , such as an axial oscillation tool. These works promoted the application of vibration technologies in the field. However, a systematic list and analysis of the vibration technologies has not reported regarding the tools' structure and reduction mechanism. This has hindered the efficient application of mechanical vibration technologies.
This paper attempted to describe the practices and the evolution of the torque and drag mechanical reduction methods. This article consists of the following sections. The first section describes the mechanical vibration reduction technologies at present. The second section proposes a multiscale friction model based on the drilling environment. The third section analyzes the working principal of mechanical vibration technologies on which the friction reduction mechanism is based.
Overview of Friction Reduction through Vibration
Although rotary steerable drilling systems (RSS) have made significant inroads as the drilling tools of choice within the last 10 years [12] , steerable mud motors with bent housing made up the vast majority of directional drilling projects in the world [13] . For a steerable mud motor, there are two distinct modes: rotary and slide drilling. In the rotary mode, the rotary table is required to rotate. The slide drilling mode, however, brings its own problems. These problems fall mainly into three categories: setting a tool-face after making a connection or coming off the bottom; maintaining the required tool-face orientation while drilling ahead; and transferring enough effective weight to the bit to enable acceptable drilling progress [14] . To overcome these problems, these are two kinds of technology systems that have been widely used in the fields. They are Drilling Agitator Systems and Slider Drilling Technology.
Drilling Agitator System (DAS)

NOV Hydraulic Oscillation System
The Hydraulic Oscillation System (HOS) was introduced into the market in 2000 and has been used in thousands of runs globally. The HOS is comprised of two tools: the Drilling Agitator Tool (DAT) and the Shock Tool located directly above [14, 15] , as shown in Figure 1 . The DAT is composed of two sections: the power section and the valve and bearing section. The power section is made up of a positive displacement motor driver. The valve and bearing section is composed of an eccentric orifice, driven by the power section, and matched against a concentric orifice, thus generating a continuous wave of pressure pulse as the rotor turns when the drilled mud is pumped through the system [16] . These pressure pulses travel up into the Shock Tool. The Shock Tool mandrel extends as the pressure increases with each pulse, and the disc spring within the Shock Tool causes its mandrel to retract as the pressure drops between pulses. This cyclical extension of the Shock Tool mandrel creates the axial oscillation motion which spreads through the drill string, both above and below the DAS [17] . The type of axial vibration motion is considered to be sine or cosine [10] . 
Three-Dimensional (3D) Hydraulic Oscillation System
A new type DAS [18] was created that consisted of an adapter sub, clamp sleeve, seal assembly, thrust bearing, adjusting device, alignment bearing, turbines, protruding block inside the shell, separate flow ring, protruding block outside the shell, shell, and main shaft, as presented in the Figure  2 .
The 3D Hydraulic Oscillation System could produce axial vibration and torsional vibration at the same time. The generating mechanism of axial vibration was the same as that of the NOV Hydraulic Oscillation System. The torsional vibration was generated by the protruding block inside and outside the shell. The rotating shell was driven by the turbine. The protruding block was rotated with the shell of the tool. When the protruding block was in the low position of the wellbore, it came into contact with the wellbore. Thus, the drilling pipes were rotationally deformed by friction between the protruding block and wellbore. When the protruding block was in the high position, the friction disappeared. The deformation energy was released. The tool and connected drilling pipes generated torsional vibration. The motion velocity of torsional vibration could be considered to be sine or cosine. 
Radial Hydraulic Oscillator
Radial hydraulic oscillation is also an important friction reduction tool [19] . It consists of a shell (1), turbine (2) , eccentric shaft (3), and bearing (4) [20] , as presented in the Figure 3 . Its structure involves an eccentric shaft that is driven by the turbines. The rotating eccentric shaft generates a periodic centrifugal force in the vertical direction. The centrifugal force could affect the normal force between the tool and wellbore. It influences the axial friction force of the drilling string. The centrifugal pattern should be sine or cosine according to the working structure of radial hydraulic oscillation. 
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Radial Hydraulic Oscillator
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Slider Drilling Technology
The maintain of the tool-face of the bottom hole assembly was treated as one of the control objectives. The surface torque and stand pipe pressure values were treated as feedback of the Slider Drilling Technology, as presented in the Figure 4 . This technology deploys a control system with the top drive controller that automatically rocks the pipes to the right and left. The motion of the drill string was subjected to a rigorous analysis of torque by a computer/software [21] [22] [23] , as it could affect the actual surface torque and standpipe pressure.
Slider Drilling Technology is also called torque rocking drilling. The Slider Drilling System has no downhole parts. So, it was easy to install in the present drill rig.
The system works by rotating the top of the drill string, so the upper part of the drill string always experiences tangential motion. The system maintains the drill string friction in the dynamics mode and significantly reduces axial friction [13, 23] . However, in the slide drilling mode, it needs to maintain the stability of the tool-face of the steerable mud motor. The rocking motion of the drill string should not affect the bottom hole assembly (BHA). So, there is maximum depth to which a particular applied surface torque can twist the drill string. This depth was determined by a typical torque and drag program [21, 24, 25] . The actual maximum depth was influenced by the surface maximum clockwise and counterclockwise torque [26] . It was found that the reactive torque of the mud motor was counteracted by the friction of the BHA, as presented in the Figure 5 . The friction could keep the tool-face stable. Therefore, there were three zones of the drill string in the slide drilling mode: the surface torque effect zone, the static friction zone, and the bit reactive torque effect zone. 
Friction Model between Tools and Drill String
Surface and Contacts Forms
Friction is very complex [27] . The axial friction force (called drag) in the axial direction is a problem demanding attention in drilling engineering. Low axial friction can be beneficial for drilling. During slider drilling or compound drilling, the motion of the drill string is a result of the superposition of two motions. The first of these is the drill string's tangential motion; the second is the sliding motion in the wellbore's axial direction.
On the macroscopic level, the apparent area of wellbore surfaces observed by the naked eye was "rough" [28] . The drill string surface, apparently a smooth surface, was still "rough" on a microscopic level. The micro-contact models [29, 30] assumed that surfaces were composed of hemi-spherically tipped asperities, as presented in the Figure 6 . The elastic contact of spheres and half spaces was governed by Hertz equations to compute the load, contact area, and contact pressure acting on a deformed asperity. Considering the real contact between the drill string and the borehole rock, we made the same assumption for the contact surface as follows. This implies that the drill string had a slightly rough surface and the wellbore presented a severe rough surface composed of a large number of elastic asperities, which was an abstraction of asperities. Due to the roughness and hardness difference between the drill string and wellbore rock at the surface contact, the general elastic asperity in the dynamic friction model should be the same as the asperities on the wellbore, which, unlike in other models, was assumed on the motion body. 
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Basic Assumptions
To analyze the real working conditions of a drill string in a down-hole, the following assumptions were made: (1) the asperities on the drill string were rigid; (2) the asperities on the wellbore rock were elastic; (3) rolling of the drill string would not occur.
Multiscale Friction Model
Based on the above assumptions, the drill string's actual working conditions can be simplified, as shown in the interaction model in Figure 7 .
The rough wellbore rock can be simplified as peaks that come into contact with the surface of the drill string. This occurred on the millimeter-scale. The contact area between peaks and the drill string consisted of many asperities. The friction behavior of these asperities is equivalent to that of one asperity, as presented in Figure 7 . The equivalent asperity usually occurred on the micrometer-scale.
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Asperity Friction Model
Friction forces acting on individual asperities were described by adopting the contact model of Challen and Oxley [31, 32] . This model deduced two-dimensional (2D) slip-line fields, assuming a plane strain deformation state and ideal plastic material behavior. The active model could be determined by so-called wear-model diagrams, as presented in Figure 8 . These diagrams describe friction modes as a function of the attack angle of the wedge-shaped asperity θ and the shear factor fC. 
Friction forces acting on individual asperities were described by adopting the contact model of Challen and Oxley [31, 32] . This model deduced two-dimensional (2D) slip-line fields, assuming a plane strain deformation state and ideal plastic material behavior. The active model could be determined by so-called wear-model diagrams, as presented in Figure 8 . These diagrams describe friction modes as a function of the attack angle of the wedge-shaped asperity θ and the shear factor f C .
Friction forces acting on individual asperities were described by adopting the contact model of Challen and Oxley [31, 32] . This model deduced two-dimensional (2D) slip-line fields, assuming a plane strain deformation state and ideal plastic material behavior. The active model could be determined by so-called wear-model diagrams, as presented in Figure 8 . These diagrams describe friction modes as a function of the attack angle of the wedge-shaped asperity θ and the shear factor fC. The expression for the friction coefficient µ in the cutting regime was given by the Challen and Oxley model [31, 32] :
The friction coefficient in the ploughing regime was expressed by the following equation [33, 34] :
with:
The expression for the friction coefficient in the wedge formation regime was given by:
An asperity can be simplified as an ellipsoid, as presented in Figure 9 . The angle between the orientation of the ellipse and the slip direction is θ. The effective attack angle θ eff between the elliptical paraboloid and the counter surface is defined as [35] :
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paraboloid and the counter surface is defined as [35] : According to the aforementioned equations, the friction coefficient of the asperity and drill string could be obtained.
Asperity Deformation
The end point of the general asperity connects with the moving drill string; the connecting point will rupture and rebuild at a different point on the moving body surface of the drill string. In the Dahl friction model, the deformation mechanism is determined from the following equation [36] [37] [38] : According to the aforementioned equations, the friction coefficient of the asperity and drill string could be obtained.
The end point of the general asperity connects with the moving drill string; the connecting point will rupture and rebuild at a different point on the moving body surface of the drill string. In the Dahl friction model, the deformation mechanism is determined from the following equation [36] [37] [38] :
It is assumed in the Dahl model that the rate z of the elastic strain of a general asperity in the contact zone depends on both the tangential stiffness kt of the contact zone as well as the relative velocity ν r of the sliding and rotary drill strings [39] .
In the model used for further analysis, the deformation in the contact zone formed by the contact of general asperities sliding and the rotary drill string was modeled by a generalized elastic artificial element, which described the average behavior of the general asperities ( Figure 10 ).
It is assumed in the Dahl model that the rate z of the elastic strain of a general asperity in the contact zone depends on both the tangential stiffness kt of the contact zone as well as the relative velocity νr of the sliding and rotary drill strings [39] .
In the model used for further analysis, the deformation in the contact zone formed by the contact of general asperities sliding and the rotary drill string was modeled by a generalized elastic artificial element, which described the average behavior of the general asperities (Figure 10 ). An elastic-damping deformation z of the contact artificial element at an optional instant t could be presented in the model as the distance of end-points O and N of the element. The artificial elements were on the micrometer-scale; the curvature of the wellbore surface could be ignored. The projected length of artificial element was determined by the coordinates of points O and M(t) [40] , where M(t) is the projection of point N on the wellbore surface and can be expressed as follows:
The position of M at any instant along the wellbore is the result of the superposition of motion caused by the drill string sliding and tangential motion. At consecutive instants, the point M changes its relative position and the elastic deformation z also undergoes a magnitude and directional change. The deformation of the elastic asperity is separated into two steps at any interval Δt [40, 41] .
In the first step, during the previous time step Δt, the instantaneous rotating velocity of the drill string leads to the motion of point M in the tangential direction. In the second step, the motion of point M is the result of the sliding motion of the drill string in the axial direction within the time step Δt.
At a consecutive time interval Δt, in the first step of the abovementioned motion, point M moves to the position M1'(t), which is determined by the following coordinates:
The general asperity elastic deformation on the wellbore surface relies on the contact tangential stiffness kt. The deformation changes in its magnitude by an increment of Δz, which can be evaluated An elastic-damping deformation z of the contact artificial element at an optional instant t could be presented in the model as the distance of end-points O and N of the element. The artificial elements were on the micrometer-scale; the curvature of the wellbore surface could be ignored. The projected length of artificial element was determined by the coordinates of points O and M(t) [40] , where M(t) is the projection of point N on the wellbore surface and can be expressed as follows:
The position of M at any instant along the wellbore is the result of the superposition of motion caused by the drill string sliding and tangential motion. At consecutive instants, the point M changes its relative position and the elastic deformation z also undergoes a magnitude and directional change. The deformation of the elastic asperity is separated into two steps at any interval ∆t [40, 41] .
In the first step, during the previous time step ∆t, the instantaneous rotating velocity of the drill string leads to the motion of point M in the tangential direction. In the second step, the motion of point M is the result of the sliding motion of the drill string in the axial direction within the time step ∆t.
At a consecutive time interval ∆t, in the first step of the abovementioned motion, point M moves to the position M 1 '(t), which is determined by the following coordinates:
The general asperity elastic deformation on the wellbore surface relies on the contact tangential stiffness kt. The deformation changes in its magnitude by an increment of ∆z, which can be evaluated using Equation (7) . In Figure 11 , z'(t) is the actual magnitude of the elastic deformation of an asperity in the first step of motion and can be described by the following relationship:
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The velocity ν r1 of the relative motion of the general asperity in the first step can be determined from the following expression:
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The velocity νr1 of the relative motion of the general asperity in the first step can be determined from the following expression: Figure 11 . Changes in general asperities deformation at consecutive phases of sliding and vibration of the drill string [10] . The blue dotted line is virtual projected element in the calculation process, the dark red solid line is real projected element at end of time step.
Knowing the magnitude of elastic deflection z'(t), we are able to determine the end point M2'
position because the direction of z'(t) is along of vector ′ ( ). The coordinates are described as follows:
The angle between the elastic deformation ′ ( ) and the wellbore axial direction can be determined according to the imposed equation:
In the second step, during the following Δt time step, the drill string sliding leads to the motion of points M2'(t + Δt) in the longitudinal direction. After the expiry of Δt, the drill string sliding displacement is Δx. This displacement is related to the distance of M2'(t)M3'(t). The value of ′ ( ) corresponds to the magnitude of the elastic deflection of the asperity after the time interval Δt. This can be described as follows:
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Knowing the magnitude of elastic deflection z'(t), we are able to determine the end point M 2 ' position because the direction of z'(t) is along of vector −−→ OM 2 (t). The coordinates are described as follows:
The angle between the elastic deformation → z (t) and the wellbore axial direction can be determined according to the imposed equation:
In the second step, during the following ∆t time step, the drill string sliding leads to the motion of points M 2 '(t + ∆t) in the longitudinal direction. After the expiry of ∆t, the drill string sliding displacement is ∆x. This displacement is related to the distance of M 2 '(t)M 3 '(t). The value of → z (t) corresponds to the magnitude of the elastic deflection of the asperity after the time interval ∆t. This can be described as follows:
The velocity ν r2 is approximately equal to the average velocity of point M 2 '(t + ∆t) along the straight line OM 3 '(t). This value can be determined from the following equation:
where
, that was (t + ∆t)), can be determined from the following equation:
The angle β between −−→ OM 3 (t) and the axial direction can be determined by the following expression:
We can obtain β v from the vector of the drill string with respect to the wellbore, the vector of the principle axis of asperity, and the vector of the asperity projection with respect to the wellbore.
In the Dahl friction model [36, 37] , the deformation mechanism is determined from the following equation:
Knowing the magnitude and direction of the elastic deformation z at any time interval ∆t, the instantaneous value of the friction force f d and m d can be determined at this instant by utilizing the Dahl model.
The torque caused by the asperity deformation is determined by the following expression:
The average magnitude of friction force F f x in the axial direction of the wellbore over a period of time relates to the magnitude of the friction force in this direction and is essential for initiating and sustaining the drill string motion.
This can be determined from the following relationship:
The average magnitude of the friction torque M f y during a period of motion of the drill string can be described as follows:
The solving process of the multiscale friction model was presented in the Figure 12 . 
Model Verification
This section adopted the published experimental results [41, 42] to validate the established model. Sandstone was most common rock of the wellbore. The frequency of downhole vibration technologies was extremely low compared to the experimental parameter in previously published papers [41, 42] . The experimental results reflected the friction coefficient created between sandstone and metal under a longitude vibration of 100 Hz. The aforementioned model can be simulated using MATLAB.
Particle Swarm Optimization (PSO) was adopted to identify the parameters of the established model. The adaptive function of PSO revealed a negative difference between the calculated and the measured values. The results of the parameters identification are listed as follows: kt was 42.7 (N/mm), a was 10.45 μm, b was 15.65 μm, and h was 5.09 μm. An analysis of the results is presented in Figures 13 and 14 . The errors between the model prediction and experimental measurements were less than 10%. The established model could effectively describe the friction between metal and rock, as presented in the Figures 13 and 14 . 
Particle Swarm Optimization (PSO) was adopted to identify the parameters of the established model. The adaptive function of PSO revealed a negative difference between the calculated and the measured values. The results of the parameters identification are listed as follows: kt was 42.7 (N/mm), a was 10.45 µm, b was 15.65 µm, and h was 5.09 µm. An analysis of the results is presented in Figures 13  and 14 . The errors between the model prediction and experimental measurements were less than 10%. The established model could effectively describe the friction between metal and rock, as presented in the Figures 13 and 14. Lubricants 2018, 6 
Mechanism of Friction Reduction Tools
The friction reduction mechanism of DAS and Slider Drilling Technology was analyzed in this section using the established friction model.
Computational Parameters
The simulation work adopted the parameters reported in a previously published article [10, 13] . These parameters are listed in Table 1 . The parameters of the multiscale friction model adopted result are listed in Section 4. Inclination of the wellbore (°) 90 
Mechanism of Friction Reduction Tools
Computational Parameters
The simulation work adopted the parameters reported in a previously published article [10, 13] . These parameters are listed in Table 1 . The parameters of the multiscale friction model adopted result are listed in Section 4. Inclination of the wellbore (°) 90 Figure 14 . Error analysis between the calculation and experimental data.
Mechanism of Friction Reduction Tools
Computational Parameters
The simulation work adopted the parameters reported in a previously published article [10, 13] . These parameters are listed in Table 1 . The parameters of the multiscale friction model adopted result are listed in Section 4. 
Friction Characteristic of the DAS
Longitudinal Oscillation
Most DASs adopt longitudinal vibration as their motion pattern [43] [44] [45] . Using the aforementioned model, the friction characteristic of the DAS was investigated. The motion of the DAS was an axial sine oscillation with a constant slipping velocity. The amplitude of the longitudinal vibration was 2 mm to 7 mm with a 1-mm step. The frequency of the oscillation was 15 Hz. The slipping velocity (also called the rate of penetration (ROP)) was 7 m/h. The simulation results are presented in Figure 15 .
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The frequency of vibration was equal to 15 Hz in the simulation case. The amplitude of the radial vibration force was equal to 30% of the gravity of the drilling pipe. The simulation results are shown in Figure 17 . The values of the axial friction force with different ROPs finally became close to each other in the stable stage. In the stable stage, the axial friction force exhibited a slight fluctuation. However, the mid-values of the axial friction force were maintained at the same value, even with different ROPs. 
The frequency of vibration was equal to 15 Hz in the simulation case. The amplitude of the radial vibration force was equal to 30% of the gravity of the drilling pipe. The simulation results are shown in Figure 17 . The values of the axial friction force with different ROPs finally became close to each other in the stable stage. In the stable stage, the axial friction force exhibited a slight fluctuation. However, the mid-values of the axial friction force were maintained at the same value, even with different ROPs. The amplitude of the radial vibration was analyzed with respect to the axial friction. The ROPs were 3 m/h, 5 m/h, 7 m/h, and 9 m/h. The ratios of radial vibration ranged from 0.1 to 0.6. According to the simulation results, as presented in Figure 18 , the axial friction decreased with the increasing ratios. There were small distinctions between the axial friction forces with different ROPs. It was shown that the frequency of radial vibration did not impact the axial friction. This indicated that the increased amplitude of the radial vibration could effectively reduce the axial friction force. However, the amplitude of the axial friction decreased to less than 20%. The amplitude of the radial vibration was analyzed with respect to the axial friction. The ROPs were 3 m/h, 5 m/h, 7 m/h, and 9 m/h. The ratios of radial vibration ranged from 0.1 to 0.6. According to the simulation results, as presented in Figure 18 , the axial friction decreased with the increasing ratios. There were small distinctions between the axial friction forces with different ROPs. It was shown that the frequency of radial vibration did not impact the axial friction. This indicated that the increased amplitude of the radial vibration could effectively reduce the axial friction force. However, the amplitude of the axial friction decreased to less than 20%. 
The frequency of vibration was equal to 15 Hz in the simulation case. The amplitude of the radial vibration force was equal to 30% of the gravity of the drilling pipe. The simulation results are shown in Figure 17 . The values of the axial friction force with different ROPs finally became close to each other in the stable stage. In the stable stage, the axial friction force exhibited a slight fluctuation. However, the mid-values of the axial friction force were maintained at the same value, even with different ROPs. The amplitude of the radial vibration was analyzed with respect to the axial friction. The ROPs were 3 m/h, 5 m/h, 7 m/h, and 9 m/h. The ratios of radial vibration ranged from 0.1 to 0.6. According to the simulation results, as presented in Figure 18 , the axial friction decreased with the increasing ratios. There were small distinctions between the axial friction forces with different ROPs. It was shown that the frequency of radial vibration did not impact the axial friction. This indicated that the increased amplitude of the radial vibration could effectively reduce the axial friction force. However, the amplitude of the axial friction decreased to less than 20%. 
Torsional Oscillation
Torsional oscillation was also an important vibration form of friction reduction. The axial friction was simulated while the drilling pipe was subjected to torsional vibration. The ROP was 10 m/h. The motion pattern of the torsional DAS was assumed to be sine. The amplitudes of torsional vibration were 10 rpm, 20 rpm, and 30 rpm. These were common parameters employed in the field [21] .
As shown in Figure 19 , the results indicated that the axial friction force reached a steady-state oscillation after the early oscillation. The lower amplitude of the torsional vibration led to a larger axial friction force. The larger amplitude of the torsional vibration led to a lower axial friction force. The simulation demonstrated that torsional oscillation could effectively reduce the axial friction of the drill string and that the drag reduction effect was correlated to the amplitude of the torsional vibration. 
As shown in Figure 19 , the results indicated that the axial friction force reached a steady-state oscillation after the early oscillation. The lower amplitude of the torsional vibration led to a larger axial friction force. The larger amplitude of the torsional vibration led to a lower axial friction force. The simulation demonstrated that torsional oscillation could effectively reduce the axial friction of the drill string and that the drag reduction effect was correlated to the amplitude of the torsional vibration. According to the multiscale friction model, Figure 20 presents the friction coefficient and angle between the drill string motion direction and the principal axis of asperity. There were smaller variation ranges of friction with a low amplitude of torsional vibration, as shown in Figure 20 . This was due to the greater variation ranges of the angle between the drill string motion direction and the principal axis of asperity. The pattern of varied angles was similar to that of the sine function. According to the multiscale friction model, Figure 20 presents the friction coefficient and angle between the drill string motion direction and the principal axis of asperity. There were smaller variation ranges of friction with a low amplitude of torsional vibration, as shown in Figure 20 . This was due to the greater variation ranges of the angle between the drill string motion direction and the principal axis of asperity. The pattern of varied angles was similar to that of the sine function.
As shown in Figure 19 , the results indicated that the axial friction force reached a steady-state oscillation after the early oscillation. The lower amplitude of the torsional vibration led to a larger axial friction force. The larger amplitude of the torsional vibration led to a lower axial friction force. The simulation demonstrated that torsional oscillation could effectively reduce the axial friction of the drill string and that the drag reduction effect was correlated to the amplitude of the torsional vibration. According to the multiscale friction model, Figure 20 presents the friction coefficient and angle between the drill string motion direction and the principal axis of asperity. There were smaller variation ranges of friction with a low amplitude of torsional vibration, as shown in Figure 20 . This was due to the greater variation ranges of the angle between the drill string motion direction and the principal axis of asperity. The pattern of varied angles was similar to that of the sine function. As discussed, this was due to the fact that the asperity deformation and the drill string motion were on the millimeter-scale. The relative movement led to the variation of the angle between the drill string motion direction and the principal axis of asperity. In turn, the varied angles led to the variation of the friction coefficient.
The ratios between the average axial friction force and the Coulomb friction were also computed when the ROPs were 3 m/h, 5 m/h, 7 m/h, and 9 m/h. The ratios decreased as the amplitude of the torsional oscillation increased, as presented in Figure 21 . The slope of the decrease of the ratio was fast at first and finally slow. The axial friction force was larger when the ROP was greater. The slope derivatives of the ratio curves were different. The changes of slope with a low ROP were sharper than the changes of slope with greater ROPs. This was different from the results reported in Reference [10] . As discussed, this was due to the fact that the asperity deformation and the drill string motion were on the millimeter-scale. The relative movement led to the variation of the angle between the drill string motion direction and the principal axis of asperity. In turn, the varied angles led to the variation of the friction coefficient.
The ratios between the average axial friction force and the Coulomb friction were also computed when the ROPs were 3 m/h, 5 m/h, 7 m/h, and 9 m/h. The ratios decreased as the amplitude of the torsional oscillation increased, as presented in Figure 21 . The slope of the decrease of the ratio was fast at first and finally slow. The axial friction force was larger when the ROP was greater. The slope derivatives of the ratio curves were different. The changes of slope with a low ROP were sharper than the changes of slope with greater ROPs. This was different from the results reported in Reference [10] . 
Friction Characteristic of Slider Drilling Technology
The surface motion of Slider Drilling Technology was very complex. The actual trajectory of the motion was controlled by an automatic program. The program decided output commands based on signals from surface torque and stand pipe pressure sensors. To analyze the friction reduction mechanism, the paper adopted a surface motion trajectory in the ideal condition [46] , as shown in Figure 22 . As presented in Figure 20 , the ideal trajectory was similar to a triangle wave. However, the peak points of the triangle were rounded by a circular arc. The width of the circular arc was double δ. The amplitude of the motion was Dy. The period was T. The slope of the straight lines was −4 Dy/T or 4 Dy/T.
The simulations were conducted using the ideal surface trajectory. The period T was equal to 10 s. Dy was equal to 10 rad. δ was equal to 0.2 s. The ROPs were equal to 1 m/h, 3 m/h, 5 m/h, and 7 m/h. The simulation results are presented in Figure 23 .
The axial friction forces were stable and low when the rotation speed was constant. When the rotation direction shifted, these forces rapidly increased and decreased. A lower ROP led to a smaller axial friction force, in both the stable region and the changed region.
According to the simulation results, Figure 24 presents the friction coefficient and angle between the drill string motion direction and the principal axis of asperity with different ROPs. The maximum angle of the rocking motion was 30 rad. The difference between these angles was not obvious. The direction of the asperity deformation was stable when the tangential velocity was constant. The difference between these angles was not obvious, which was attributed to the asperity deformation. This implied that the asperity deformation reduced the change of the angle between the drill string motion direction and the principal axis of asperity. However, the friction coefficients were slightly Figure 21 . Axial friction force with torsional oscillation with different ROPs.
The surface motion of Slider Drilling Technology was very complex. The actual trajectory of the motion was controlled by an automatic program. The program decided output commands based on signals from surface torque and stand pipe pressure sensors. To analyze the friction reduction mechanism, the paper adopted a surface motion trajectory in the ideal condition [46] , as shown in Figure 22 . 
According to the simulation results, Figure 24 presents the friction coefficient and angle between the drill string motion direction and the principal axis of asperity with different ROPs. The maximum angle of the rocking motion was 30 rad. The difference between these angles was not obvious. The direction of the asperity deformation was stable when the tangential velocity was constant. The difference between these angles was not obvious, which was attributed to the asperity deformation. This implied that the asperity deformation reduced the change of the angle between the drill string motion direction and the principal axis of asperity. However, the friction coefficients were slightly As presented in Figure 20 , the ideal trajectory was similar to a triangle wave. However, the peak points of the triangle were rounded by a circular arc. The width of the circular arc was double δ. The amplitude of the motion was D y . The period was T. The slope of the straight lines was −4 D y /T or 4 D y /T.
The simulations were conducted using the ideal surface trajectory. The period T was equal to 10 s. D y was equal to 10 rad. δ was equal to 0.2 s. The ROPs were equal to 1 m/h, 3 m/h, 5 m/h, and 7 m/h. The simulation results are presented in Figure 23 .
According to the simulation results, Figure 24 presents the friction coefficient and angle between the drill string motion direction and the principal axis of asperity with different ROPs. The maximum angle of the rocking motion was 30 rad. The difference between these angles was not obvious. The direction of the asperity deformation was stable when the tangential velocity was constant. The difference between these angles was not obvious, which was attributed to the asperity deformation. This implied that the asperity deformation reduced the change of the angle between the drill string motion direction and the principal axis of asperity. However, the friction coefficients were slightly different from the distinct ROPs when the rotation direction was shifted. The greater tangential velocity resulted in larger axial friction coefficients. The average axial friction forces were also obtained by simulation. The results are presented in Figure 25 . The ratio between the average axial friction force and the Coulomb friction decreased with the increase of the amplitude of the rotation. A greater ROP led to a greater axial friction force under the condition of the same rotation amplitude. The friction reduction effect was more obvious than that of longitudinal vibration and torsional vibration in the range of the field parameters. The average axial friction forces were also obtained by simulation. The results are presented in Figure 25 . The ratio between the average axial friction force and the Coulomb friction decreased with the increase of the amplitude of the rotation. A greater ROP led to a greater axial friction force under the condition of the same rotation amplitude. The friction reduction effect was more obvious than that of longitudinal vibration and torsional vibration in the range of the field parameters. The average axial friction forces were also obtained by simulation. The results are presented in Figure 25 . The ratio between the average axial friction force and the Coulomb friction decreased with the increase of the amplitude of the rotation. A greater ROP led to a greater axial friction force under the condition of the same rotation amplitude. The friction reduction effect was more obvious than that of longitudinal vibration and torsional vibration in the range of the field parameters. 
Conclusions
This article introduced vibration technologies, including three kinds of Drilling Agitator Systems and Slider Drilling Technologies, to overcome the weight transfer challenge in Horizontal Wells. The abovementioned techniques are the most popular friction reduction technologies employed in the field. According to the structure of the tool, the motions of vibration technologies were summarized. The DAS adopted longitudinal vibration, radial vibration, and torsional vibration to reduce the axial friction force. The Slider Drilling Technologies adopted rotating movement to reduce the axial friction force.
This paper also introduced a multiscale friction model to provide insight on the mechanism of friction reduction of vibration technologies. The model was verified by experimental data. The parameters of the model were identified using the PSO method. The multiscale friction model considered the asperity deformation on the millimeter-scale and the contact of asperity and the drill string on the micrometer-scale. Meanwhile, the model also considered the effect of asperity deformation on the contact angle.
The motion of the aforementioned vibration technologies was analyzed using the established model. The simulation parameters were in the range of actual practice in the field. The simulation results indicated that the four kinds of technology can reduce the axial friction of the drilling string. -1, b-1, c-1) Friction coefficient; (a-2, b-2, c-2) angle between the drill string motion direction and the principal axis of asperity. (a-1, a-2 
The motion of the aforementioned vibration technologies was analyzed using the established model. The simulation parameters were in the range of actual practice in the field. The simulation results indicated that the four kinds of technology can reduce the axial friction of the drilling string. 
The motion of the aforementioned vibration technologies was analyzed using the established model. The simulation parameters were in the range of actual practice in the field. The simulation results indicated that the four kinds of technology can reduce the axial friction of the drilling string. Longitudinal vibration can reduce axial friction when the slipping velocity is less than the amplitude of the axial vibration. However, radial vibration is not compact on axial friction with different ROPs. Torsional vibration and rocking motion not only change the axial component of friction force, but also change the friction coefficient between the wellbore and the drill string. According to the simulation results, the drag reduction of rocking motion was better than longitudinal, torsional, and lateral vibration. 
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